. In Mexico, it is important for determining import-export policies, government aid for 
Y
ield forecasting, or determining yield in advance Aparicio et al., 2002; Lobell et al., 2002) . of harvest, has been used in many parts of the world Leaf area index, a quantitative measure of foliage to assess national food security and provide early food density, is a key variable in agricultural modeling. It was shortage warning (Thornton et al., 1997; Pierre et al., originally defined as the ratio of leaf area to a given land 2000; Tychon et al., 2000) . Early assessment of yield can area (Hay and Walker, 1989) . A more recent definition help in strategic planning and decision-making (Baezcovers vegetation with different photosynthetic or mor- Gonzalez et al., 2002) . It is especially useful in countries phological characteristics: LAI is half the all-sided living where the economy depends on crop harvest (Doraifoliage per unit ground surface area projected on the horizontal datum (Fernandes et al., 2003) . Through sat-A.D. Baez-Gonzalez and M. Tiscareno L., Laboratorio Nacional de ellite remote sensing, data on the distribution of LAI Modelaje y Sensores Remotos, INIFAP, km 32.5 Carr. Aguascalienover wide areas may be obtained (Wiegand et al., 1979;  tes-Zacatecas, Ap. Postal 20 Pabellon de Arteaga, Aguascalientes Wiegand and Richardson, 1984; Chen and Cihlar, 1996) . index (NDVI) has been used to indirectly estimate LAI (Asrar et al., 1984) . Use of NDVI leads in remote sensof using such data to replace ground measurements and ing applications despite the emergence of more theoreti-(ii) to forecast maize yield in the middle of the growing cally reliable indices such as the soil-adjusted vegetation season in large areas (Ͻ100 000 ha) using a simple reindex (SAVI), transformed SAVI (TSAVI), and the atgression yield model based on LAI. This study focuses mospherically resistant vegetation index (MSAVI) (Ronon large-area prediction in two important agricultural deaux et Haboudane et al., 2002) . Many studies regions of Mexico. have been made on the relationship between LAI and NDVI (Gower et al., 1999; Turner et al., 1999; Qi et al., MATERIALS AND METHODS 2000). While there have been studies on LAI in relation to crop monitoring and assessment (Pollock and KaStudy Area nemasu, 1979; Colombo et al., 2003) , there is a need to
The study area is the state of Sinaloa, Mexico, which has explore further its use in large-area yield prediction. the country's most important irrigated maize-growing regions In Mexico, a national yield prediction project has for the autumn-winter growing season. In the last 4 yr, the been established by the National Research Institute of area planted to maize has been increased by 50%. During the Forestry, Agriculture, and Animal Production (INIFAP) [2001] [2002] growing season, the total area planted to maize with logistical support from the USDA-ARS and Texas was 321 384 ha, which had a total production of 2 818 926 Mg (SAGARPA, 2003) .
Agricultural Experiment Station (TAES) for the pur-
The study focuses on Sinaloa's northern and central regions pose of predicting yield for maize and other crops at The objectives of this study were (i) to derive LAI annual temperature of 23.8ЊC (min. Ϫ2.0ЊC, max. 41.7ЊC) and a mean annual precipitation of 707.9 mm (SAGARPA, 2003) .
from high spatial resolution imagery data with the aim reaches maximum LAI (100 to 115 DAS in the central region
Yield Model Validation with 1999-2002 Data
and 115 to 125 DAS in the northern region) (Baez-Gonzalez The yield model that this study validated predicts yield (Y, et al., unpublished data, 2003 Later images would have been ideal; however, the February cover. All sites were irrigated. A sampling point was perma-2003 images that we obtained for the central region could not nently established at each site, and the global positioning sysbe used because of clouds covering most of the area. Since tem (GPS) was used to locate the sites. A Decagon AccuPAR the peak growth period (100-115 DAS in the central region, (Decagon Devices, Inc., Pullman, WA) was used to sample 115-125 DAS in the north) is so essential, we have to ensure LAI every 2 wk from the eight-leaf stage up to the silking that in future applications, imagery from some satellite is acstage. Wilhelm et al. (2000) found a high correlation between quired around that period. Seventy-one NDVI values (36 for destructive sample LAI values and AccuPAR estimates for the north, 35 for the central part) were used to obtain the sLAI. maize; in their results for two hybrids, correlation coefficient values were 0.93 and 0.86 for AccuPAR LAI estimates as a function of destructive LAI estimates. Grain yield (Mg ha Ϫ1 )
Data Analysis
was measured in each field by destructive methods on the To validate the yield model, the measured and simulated same day that the farmers harvested the fields. At each site, grain yields were regressed, and the root mean square error two rows (5 m each) of maize were harvested, and a sample (RMSE) computed as described by Ahuja and Ma (2002) . of grain yield was collected. Grain weight was reported at
We used SAS GLM (SAS Inst., 1985) procedures for the 140 g kg Ϫ1 of moisture. The validation of the yield model is regression analyses of sLAI. We analyzed how closely the sLAI further discussed in Results.
matched the gLAI gathered closest to the dates of the satellite images and how well sLAI matched maximum gLAI. The
Satellite-Derived Leaf Area Index
deviation (measured minus derived) for sLAI was examined to see how many of the values exceeded the predetermined To use Eq.
[1] as a large-scale yield predictor, an estimate criteria (Mitchell, 1997; Mitchell and Sheehy, 1997) of Ϯ1.0 for of maximum LAI for large areas is needed. For this purpose, threshold performance and Ϯ0.5 for optimum performance. an empirical regression model was derived from another data squared bias (SB), the lack of correlation weighted by the for the central and northern regions, respectively, because they were closest to the time that maize in Sinaloa usually standard deviation (LCS), and the squared difference between standard deviations (SDSD) (Kobayashi and Salam, 2000) . An analysis was made of the following: predicted yield using maximum gLAI and sLAI vs. actual yield and the accuracy of model predictions using maximum gLAI and sLAI in the northern and central regions.
RESULTS AND DISCUSSION Satellite-Derived LAI
This section presents results in relation to the first objective of the study, which is to derive LAI estimates from spectral data to eliminate laborious ground measurements for yield prediction in Sinaloa.
To derive remotely sensed LAI, the following empirically derived logarithmic regression model was devel- six observations were used, but only 31 points appear in the figure as some points had similar values.
As stated earlier, the data used for the development of this model were also obtained in autumn-winter 2001-compensates for this difference. In this study, additional 2002 but were different from those used for the yield information required to correct the satellite data for model validation. Fifty-six observations (15 for the north, atmospheric clarity was not available. Therefore, it is 41 for the central region) were used; however, only 31 possible that a portion of the scatter in points around data points appear in Fig. 2 because some points shared the regression line in Fig. 2 is the result of differences the same values.
in atmospheric clarity between sites and dates. In our analysis, the logarithmic expression showed a higher r 2 than the linear expression (0.53 vs. 0.50). Ezekiel and Fox (1959) validation data set showed a satisfactory match between The regression model was significant (ϰ ϭ 0.05). The sLAI and gLAI. The overall RMSE (0.90) is within the slope of the equation was not significantly different from acceptable range established by GCOS and CTOS. In 1.0, and the ␥ intercepted was not significantly different Fig. 3A , we can see that Eq.
[2] met the threshold critefrom 0.0. rion (Ϯ1.0) in 25 of 36 sites (75%) in the north and The NDVI was used for this study because it correin 22 of 35 sites (62%) in the central region. The lates well with foliage density (Rondeaux et al., 1996) mean and standard deviation in the northern region was and has been demonstrated to give satisfactory LAI es-4.93 Ϯ 0.63 for gLAI and 4.92 Ϯ 0.89 for sLAI. In the timates (Qi et al., 2000) . The approach of determining central region, the mean and standard deviation was LAI by establishing a relationship between NDVI and 4.90 Ϯ 0.47 for gLAI and 4.70 Ϯ 0.97 for sLAI. The LAI is widely used because of its simplicity and ease of RMSE of the northern and central regions was 0.87 and computation. (Colombo et al., 2003; Qi et al., 2000) . 0.92, respectively. On the whole, these results indicate However, the approach has its limitations, one of which that Eq.
[2] can adequately estimate gLAI on the date is that the sensitivity of NDVI to LAI becomes weaker of the satellite image. with increasing LAI values (Baret and Guyot, 1991) . Another is the sensitivity of NDVI to nonvegetationSatellite-Derived Leaf Area Index vs. Maximum related factors such as solar and viewing geometry, soil Ground-Measured Leaf Area Index background, and atmospheric conditions (Baret and Guyot, 1991; Rondeaux et al., 1996) . Previous studies Maximum gLAI average was larger in the central region than in the northern region. The mean maximum have likewise shown that the relationship between LAI and spectral vegetation indices is affected by such facgLAI reported in the northern region was 5.15 Ϯ 1.04, with values ranging from 2.9 to 7.14. On the other hand, tors as background reflectance and stand age (Colombo et al., 2003; Moreau et al., 2003; Butson and Fernan- in the central region, the mean maximum gLAI was 5.67 Ϯ 0.74, and reported maximum gLAI values were des, 2004).
For this study, calculations indicated that approxfrom 4.31 to 7.05. The deviation analysis of sLAI in relation to maxiimately a 10% difference in radiance as measured at the top of the atmosphere existed between the two Landsat mum gLAI at the 71 sites showed that in 62% of the cases, the value of sLAI was within the range of 1.0 of overpass dates (8 February and 5 March). This difference is the result of differences in earth-sun distance the value of maximum gLAI (Fig. 3B) . The negative values in Fig. 3B signify cases when maximum gLAI and solar zenith angle between these two dates at these latitudes. Use of NDVI values in Eq.
[2] effectively was higher than sLAI while positive values show the
Yield Prediction and Model Performance
This section presents results in relation to the second objective of the study, which was to predict yield using the LAI-based yield model. Measured and simulated grain yields were compared to validate the yield model (Table 1) . Validation is taken here to mean checking if the model's outputs are sufficiently close to the observed data and if the model works with totally independent data sets; that is, it accurately predicts yield (Boote et al., 1996) . Validation is an essential process for models that are applied, with predictions used to replace costly field measurements (Mitchell, 1997) . The following acceptable simulation error levels at different stages of the growing season have been predetermined based on our experience with yield forecasting in Mexico: 30% during the preplanting period (using weather forecast data), 20% midseason (using LAIbased yield model), and 10% one month before harvest (using crop growth model with satellite data). This study focused on prediction in the middle of the growing season (i.e., when the crop reaches maximum LAI) in large areas (over 100 000 ha) in Sinaloa.
Results of the initial validation with 3 yr of ground data show that the yield model has acceptable accuracy and may be used in the study area. Grain yield was underestimated with an RMSE of 1. , n ϭ 7) ( Table 1 ). This may have been because during that year, all the data were from the central region; the northern area was not covered because of logistical constraints.
The results of the second validation using the 2002-2003 data set are likewise presented in Table 1 . This time the model was validated with both gLAI and sLAI. error of Ϫ11.4%). One possible reason is the variability of grain yield in the regions. In the northern region, opposite. Only the northern region showed sLAI values the measured yield showed a higher variability, with higher (Ͻϩ1.0) than the maximum gLAI values. In the a standard deviation of Ϯ2.2 Mg ha Ϫ1 compared with central region, 13 of the 35 sites showed negative values Ϯ1.6 Mg ha Ϫ1 in the central region. To illustrate this of ϽϪ1.0, which contrasts with the number in the northvariability, in the northern region, the reported maxiern region (7 out of 36). These results were expected mum gLAI of Sites 24, 27, and 32 was 4.9, 5.0, and since the 2003 Landsat images (the available ones that 5.0, respectively (data not shown). These sites showed almost the same LAI; however, their measured grain were noncloudy and closest to the peak period) captured areas in the central region when the crop was still in yield varied: 12.2 Mg ha Ϫ1 in Site 24, 6.8 Mg ha Ϫ1 in Site 27, and 10.0 Mg ha Ϫ1 in Site 32. On the other hand, in the early stage of development. The selection of images is thus crucial; for greater accuracy, the dates of images the central region, Sites 23 and 29 had almost the same maximum gLAI values (7.0 for Site 23 and 6.9 for Site must match as closely as possible the dates when the crop reaches maximum LAI. 29) and measured yields (11.0 and 10.7 Mg ha
Ϫ1
, respectively). This indicates that green biomass is not the sole The RMSE was 1.0 and 1.1 in the northern and central regions, respectively. On the whole, results seem to indipredictor of yield and that there are other factors involved such as growing conditions. cate that Eq. [2] can be used to derive LAI from high spatial resolution images to avoid costly field data in
The replacement of maximum gLAI by sLAI increased the mean simulation error of the yield model Sinaloa, but some degree of error (RMSE ϭ 1.1) in estimation of LAI values can be expected.
by 2% (from Ϫ9.3 to Ϫ11.1%). Its effect differed in the two regions. In the north, the replacement did not used maximum gLAI (4.4 vs. 5.8). The SB values (1.6 for max. gLAI, 2.3 for sLAI) indicate that the change significantly affect the simulation error (from Ϫ11.4 to Ϫ10.4%). On the other hand, in the central region, the of the source of LAI affects the accuracy of the model. The mean and standard deviation of predicted yield was mean simulation error increased by nearly 5% (from Ϫ7.3 to Ϫ11.9%) when sLAI was used as model input.
9.3 Ϯ 0.7 Mg ha Ϫ1 with maximum gLAI and 9.0 Ϯ 0.4 Mg ha Ϫ1 with sLAI. The measured yield in the whole study This may be partly attributed to the early satellite image used in this area. The same sites mentioned earlier illusarea was 10.5 Ϯ 1.9 Mg ha Ϫ1 . The use of two different types of LAI input resulted trate how the replacement of gLAI by sLAI affected the accuracy of the yield model. In the northern region, in similar values for LCS (1.35 vs. 1.34) weighted by the standard deviation and for SDSD. This indicates that the simulation error for Sites 24, 27, and 32 was Ϫ26.0, 32.9, and Ϫ12.1%, respectively, with maximum gLAI the model simulated in a similar way the pattern of fluctuations across measurements in the whole study and Ϫ25.4, 27.6, and Ϫ19.7%, respectively, with sLAI, indicating that the replacement of maximum gLAI by area regardless of the type of input. However, the magnitude of yield fluctuations in the full study area was sLAI had only a minor effect on model accuracy. But in the central region, the simulation error for Sites 23 better simulated when maximum gLAI was used (SDSD of 1.5 for maximum gLAI and 2.2 for sLAI). and 29 was Ϫ7.2 and Ϫ4.4%, respectively, with maximum gLAI and Ϫ18.6 and Ϫ13.8% with sLAI.
For the northern region, the yield model had lower overall deviation (MSD 5.2 vs. MSD 6.5, Table 1 ) when On the whole, when sLAI was used instead of gLAI, the increase in mean absolute error in terms of grain it used maximum gLAI. The SB showed the same values (2.1 vs. 2.1) for maximum gLAI and sLAI. This shows yield was 0.3 Mg ha Ϫ1 (Ϫ1.5 Mg ha Ϫ1 with sLAI vs.
Ϫ1.2 Mg ha
Ϫ1 with gLAI). With this minimal increase that in the northern sites, the change in the source of LAI did not affect the accuracy of the yield model. The in error, the replacement of gLAI by sLAI is considered feasible.
mean and standard deviation of simulated grain yield was 9.0 Ϯ 0.8 Mg ha Ϫ1 with maximum gLAI and 9.0 Ϯ To measure the overall deviation of the yield model, the MSD for the full study area was calculated. As 0.4 Mg ha Ϫ1 with sLAI. The mean and standard deviation of measured yield in the northern region was 10.5 Ϯ expected, the MSD value was lower when the model 2.2 Mg ha Ϫ1 . In terms of LCS values, the yield model of sLAI in place of gLAI with the yield model will result in an increase in simulation error, its use can still be had almost the same values for the two types of LAI (1.2 and 1.3 for maximum gLAI and sLAI, respectively), feasible considering that it will eliminate laborious and costly ground estimation for midseason large-area yield indicating that the model simulated the pattern of fluctuations across measurements in the same way regardless prediction in Sinaloa. of the type of LAI. However, based on the SDSD value, the yield model simulated the magnitude of fluctuations ACKNOWLEDGMENTS better when it used maximum gLAI (1.9 against 3.0).
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